Rice as a staple food, provides a major source of dietary selenium (Se) for humans, which essentially requires Se, however, the molecular mechanism for Se uptake is still poorly understood. Herein, we show evidence that the uptake of selenite, a main bioavailable form of Se in paddy soils, is mediated by a silicon influx transporter Lsi1 (OsNIP2;1) in rice. Defect of OsNIP2;1 resulted in a significant decrease in the Se concentration of the shoots and xylem sap when selenite was given. However, there was no difference in the Se concentration between the wild-type rice and mutant of OsNIP2;1 when selenate was supplied. A short-term uptake experiment showed that selenite uptake greatly increased with decreasing pH in the external solution. Silicon as silicic acid did not inhibit the Se uptake from selenite in both rice and yeast at low pHs. Expression of OsNIP2;1 in yeast enhanced the selenite uptake at pH 3.5 and 5.5 but not at pH 7.5. On the other hand, defect of Si efflux transporter Lsi2 did not affect the uptake of Se either from selenite or selenate. Taken together, our results indicate that silicon influx transporter OsNIP2;1 is permeable to selenite.
INTRODUCTION
The essential trace mineral, selenium (Se), is of fundamental importance to human health (Rayman, 2000) . Deficiency of Se is associated with health disorders including oxidative stress-related conditions, reduced fertility and immune functions and an increased risk of cancers (Rayman, 2002; Whanger, 2004) . It has been estimated that about 500-1000 million people are suffering from Se deficiency in the world (Combs, 2001) . On the other hand, Se is also toxic at higher concentrations (Terry et al., 2000) . The window between Se deficiency and toxicity for humans is narrow (Zhu et al., 2009 ).
Plants are the main sources of dietary Se (Rayman, 2008) , although the essentiality of this element for higher plants has not been recognized. Therefore, controlling Se uptake of plants from the environment (soils) will be important to decrease healthy risk of both toxicity and deficiency. However, it is still poorly understood how plants take up Se from the roots. Selenate and selenite are two main inorganic Se forms available for plant uptake in soils and their prevalence depends on the redox potential and pH. Selenate can be taken up via sulfate transporters in plants due to the chemical similarity between selenate and sulfate (Terry et al., 2000；Sors et al., 2005 . This has been supported by several studies. For example, sulphate competitively inhibits selenate uptake in barley (Leggett and Epstein, 1956 ). The gene Sultr1;2 involved in sulfate uptake of roots has been identified in Arabidopsis However, Li et al. (2008) reported that selenite uptake is at least partly to be mediated by phosphate transporters based on evidence that P-deficiency enhanced selenite uptake in wheat. This is also supported by earlier works, which reported that increasing phosphate concentration decreased selenite uptake in different plant species (Broyer et al., 1972; Hopper and Parker, 1999) . However, convincing evidence on how selenite is taken up by the roots is still lacking.
Rice is a staple food for nearly half of the world's population. Therefore, rice provides a major source of dietary intake of Se in many countries (Rayman, 2008) .
In paddy soil, Se is present in the form of selenite. A physiological study showed that selenite uptake by rice roots was inhibited by HgCl 2 and AgNO 3 , suggesting that aquaporin is implicated in the uptake of selenite (Zhang et al., 2006) . However, the exact mechanism for selenite uptake has not been understood. Recently, a silicon influx transporter OsNIP2;1 (Lsi1) belonging to the nodulin 26-like intrinsic membrane protein (NIP) subfamily of aquaporins, has been identified in rice (Ma et al., 2006) . Further studies showed that this transporter is also permeable to arsenite (Ma et al., 2008) and methylated arsenic (As) (Li et al., 2009 ) in rice roots. Silicon (Si), As and Se belong to metalloids, showing some similar properties. These facts lead us to hypothesize that OsNIP2;1 is also able to transport selenite. In the present study, we used both rice mutants defective in OsNIP2;1 function and yeast expression system and showed convincing evidence that OsNIP2;1 is permeable to selenite. We also found that different from Si and arsenite, Lsi2, an efflux transporter of Si (Ma et al., 2007) , is not involved in the transport of selenite.
2006), we investigated the effect of silicic acid on selenite uptake in both wild-type rice and mutant lsi1-1. The Se concentration in the roots and shoots was higher in the wild-type rice than lsi1-1 at all Si concentrations (Fig. 4A, B) . In these experiments, the concentration of Si was 40-400 times higher than that of selenite, but the presence of silicic acid did not greatly affect the selenite uptake in both wild-type rice and lsi1-1 (Fig. 4A, B) .
Transport activity of OsNIP2;1 for selenite in yeast
To directly determine the transport activity of OsNIP2;1 for selenite, we expressed OsNIP2;1 gene in yeast. Expression of OsNIP2;1 resulted in increased uptake of selenite at pHs 3.5 and 5.5 (Fig. 5) . However, at pH 7.5, there was no difference in the selenite uptake between yeast expressed or not expressed OsNIP2;1 (Fig. 5 ).
Selenite uptake was higher at pH 5.5 than pH 3.5. Addition of silicic acid (100 times of selenite) did not affect the selenite uptake at pH 3.5 and 5.5 (Fig. 5) . However, at pH 7.5, silicic acid decreased selenite uptake in both yeast expressed OsNIP2;1 and vector control (Fig. 5) , although the reason for this result is unknown.
Lsi2 is not involved in the uptake of selenite and selenate
Lsi2 is an efflux transporter of silicic acid (Ma et al., 2007) . It also transports arsenite (Ma et al., 2008) . To investigate whether Lsi2 is also involved in the uptake of selenite or selenate, we compared the Se uptake between two independent mutants of Lsi2 and their corresponding wild-type rice. lsi2-1 and lsi2-2 have different mutation in the Lsi2 gene ( Supplementary Fig. 1 ). When they were exposed to selenite or selenate, there was no difference in the shoot Se concentration between the wild-type rice and the mutant, irrespectively of mutation (Fig. 6A ). There was also no difference in the root Se concentration between the wild-type rice and lsi2-1 (Fig.   6B ), and the root Se concentration was slightly higher in the wild-type rice than Since the information on selenite diameter is not available, permeation through OsNIP2;1 suggests that the diameter of selenite is smaller or similar to silicic acid.
It will also be interesting to test whether proteins in NIP I and II subgroups are also permeable to selenite in future. Different from silicic acid and arsenite, selenite has a pKa of 2.6 in contrast to arsenite (9.2) and silicic acid (9.84). Therefore, at a pH below 8, both silicic acid and arsenite are uncharged, whereas selenite is deprotonated (Fig. 3A) . We investigated the effect of pH on selenite uptake at different pHs, at which different species of selenite are present (Fig. 3) . At pH 3.5, 90% and 10% of selenite are present in the form of hydrogenselenite ion (HSeO 3 -) and selenous acid (H 2 SeO 3 ), respectively ( Fig. 3A) , and at pH 5.5, about 93% and 7% of selenite are in the form of HSeO 3 -and selenite ion (SeO 3 2-), respectively. However, at pH 7.5, the proportion of HSeO 3 -and SeO 3 2-changes to about 11% and 89%, respectively (Fig. 3A) . The
Se uptake decreased greatly with increasing pH in the wild-type rice (Fig. 3) . These results suggest that there are two possibilities for the Se form of uptake. One is that OsNIP2:1 is also permeable to HSeO 3 -, and the other is that OsNIP2:1 is only permeable to H 2 SeO 3 and the uptake at higher pHs comes from the rapid protonating of HSeO 3 -and SeO 3 2-. In yeast, the difference in Se transport activity between vector control and OsNIP2;1-expressed yeast was also only observed at pHs 3.5 and 5.5, but not at pH 7.5 (Fig. 5) . In rice, the selenite uptake was higher in wild-type rice at pH 3.5 than that at pH 5.5 (Fig. 3) , however, in yeast expressing OsNIP2;1, the transport activity was higher at pH 5.5 than at pH 3.5 (Fig. 5) . The reason for this difference is unknown. At pH 7.5, selenite is also taken up by the yeast (Fig. 5) although there was no difference between vector control and OsNIP2;1-expressed yeast. This indicates that SeO 3 2-is taken up by unidentified transporter rather than OsNIP2;1 at higher pH in yeast. In rice, the uptake of selenite at high pHs is much less compared with that at low pHs (Fig. 3) . This means that OsNIP2;1 is the major pathway for selenite in rice. This is supported that when OsNIP2;1 is loss of function, the selenite uptake was only 5% of wild-type rice at pH 3.5 (Fig. 3) .
Although selenite and silicic acid share the same transporter, the antagonistic interaction between silicic acid and selenite was not observed in both rice and yeast (Figs. 4, 5) . The antagonistic interaction between selenite and arsenite was also not observed in rice (data not shown). This is different from arsenite, which uptake is significantly inhibited by silicic acid in rice (Ma et al., 2008) . This difference might be attributed to different metabolism processes of these metalloids. Selenite taken up by the roots is readily converted to other organic forms such as selenomethionine and endodermis, has been demonstrated to be responsible for the efflux towards the xylem (Ma et al., 2007 (Ma et al., , 2008 . Therefore, the antagonistic interaction observed between silicic acid and arsenite might occur at the efflux transporter Lsi2. This is supported by that Lsi2 is not involved in the selenite uptake in rice roots (Fig. 6) because of Se species change from selenite to organic forms as described above. In In conclusion, OsNIP2;1 is the first transporter of selenite identified in plants, animals and microorganism. After selenite is taken up by OsNIP2;1, it will be converted to organic forms. Therefore, other transporters are required to efflux organic Se into the xylem, which remain to be identified in future. 
MATERIALS AND METHODS

Plant materials and grown conditions
Rice mutants (lsi1-1, lsi1-2, lsi2-1, and lsi2-2) and their corresponding wild-type rice (cvs. Oochikara, Nipponbare, T-65, and Koshihikari) were used in the present study. These mutants were isolated previously (Ma et al., 2002 (Ma et al., , 2006 (Ma et al., , 2007 Chiba et al., 2009 ), their mutation points are shown in Supplementary Fig. 1 . Seedlings were cultured in a half-strength Kimura B nutrient solution (pH 5.6) in a controlled-environment growth chamber as described previously (Ma et al., 2002) .
The solution was renewed every 3 days. Each experiment was conducted with three replicates.
In all treatment experiments, selenite and selenate were supplied as Na 2 SeO 3 , and Na 2 SeO 4 , respectively. Silicic acid was prepared by passing potassium silicate through a cation-exchange resin (Amberlite IR-120B, H + form) (Ma et al., 2002) . 
Se uptake experiment
Xylem sap collection
For the collection of xylem sap, 21-d-old seedlings were exposed to a nutrient solution (pH 5.6) containing 2.5 μ M selenite or selenate. After one day, the solution pH was reduced to 4.0 and the shoots were cut at about 2 cm above the roots, and xylem sap was then collected for 1 h with a micropipette. At the same time, xylem saps of seedlings without selenite and selenate exposure were colleted for the determination of background Se concentration in the present experimental system, which was found to be negligible. Total Se in xylem sap was analyzed as described below.
Effect of pH on selenite uptake in rice
To investigate the effect of pH on selenite uptake by rice, a short-term (30 min) uptake experiment was performed. Seedlings (14-d-old) were exposed to a nutrient solution containing 2.5 μ M selenite at different pHs (3.5, 4.5, 5.5 6.5, or 7.5) buffered with 5 mM MES. After 30 min, roots were desorbed, separated from the shoots and blotted as described above. The solution pHs before and after the uptake were measured and no significant changes was found during the uptake experiments. The
Se concentration in the roots was determined as described below.
Effect of silicic acid on selenite uptake in rice
To investigate the effects of silicic acid on selenite uptake, seedlings (14-d-old)
were exposed to a nutrient solution (pH 5.6) containing 2.5 μ M selenite in the presence of 0, 0.1, 0.5 or 1 mM silicic acid. After one day, the plants were harvested and analyzed as described above. shaking, yeast was collected by centrifugation and washed twice by ice-cold H 2 O.
Se transport activity assay in yeast
The yeast pellet was freeze-dried and digested with HNO 3 . The Se concentration was determined by ICP-MS. Each treatment was replicated three times.
Se determination
The ground plant samples were first digested with a mixture of HNO 3 /HClO 4 (80/20, v/v), and then 6 M HCl was added to reduce Se (VI) to Se (IV). Total Se in the diluted digestion solution and xylem sap was analyzed by hydride generation flame atomic fluorescence spectrometry (AF-610A, Beijing Ruili Analytical Instrument Co., Beijing, China). To control the quality of the analysis procedure, a reagent blank and a reference material BGW07605 (GSV-4) were applied during the experiment of total Se determination.
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Zhang LH, Shi WM, Wang XC ( The asterisks above the columns indicate statistically significant differences between wild type rice and its mutant (P< 0.05 by Independent-Samples T test). type rice and its mutant at the same pH (P< 0.05 by Independent-Samples T test). Oochikara; WT2, Nipponbare) and two independent mutants (lsi1-1 and lsi1-2) were exposed to a nutrient solution containing 2.5 µM selenite (A) or selenate (B) for one day and then xylem sap was collected for one hour after decapitation. The initial pH of solution was 5.6. Data are means±SD (n=3 
